STUDY of man's food needs and capacity for physical work began on a systematic basis about seventy years ago. Following upon Atwater's classic experiments with a human calorimeter at the end of the last century, the validity of using rates of oxygen consumption as the basis for measuring energy expenditure (indirect calorimetry) was firmly established. Throughout this early period rates of energy expenditure during a variety of human activities were recorded. Recently there has been a renewal of interest in such measurements. This is in part due to the development of apparatus which can be conveniently applied under many industrial conditions, where it had not hitherto been practicable to use the more cumbersome apparatus designed for laboratory studies. Also, methods of work in many industries and in agriculture have changed markedly. Machines increasingly do the work formerly done by manual labor. This change is more noticeable in the highly industrialized coun.tries, but it is spreading throughout the world. Much of 'heavy' industry now consists in controlling large sources of mechanical power by means of levers and switches and the work for the human operator is often 'light.' Further, with increased productiveness there has been a shortening of the working week. There is now time and opportunity for recreations on a scale altogether different from fifty years ago. Many recreations demand much expenditure of physical energy and a wage earner may use his muscles more in his leisure time than during his earning hours. These factors call for new assessments of human energy expenditure, Indirect calorimetry enables the energy expended to be determined while a de& nite activity is undertaken for a limited period of time, usually measured in minutes. More information is necessa.ry to assess the energy expenditure in daily life. This energy has, of course, to be provided by the food, if health and activity are to be maintained. In the past most assessments of total energy needs have been made from dietary studies. This was the method used by Voit, Atwater and others, who first stated the energy expenditure of a variety of occupations, after analyzing records of the diets consumed by persons of known employment. The method is open to the theoretical objection that it assumes that the diets consumed provide exactly enough energy with no surplus or deficiency. It provides no direct yardstick of requirement. Indeed in the East and elsewhere large numbers of people certainly have an insuficiency of food for health and activity, whereas the high incidence of obesity in Western countries shows that many consume regularly an excess of food over their physical requirements. There is a real difficulty in converting the results of dietary surveys into tables of food requirements. Further, dietary surveys are always difficult and expensive to carry out. This particularly applies to individual surveys, which provide so much more inform.ation than the less precise family surveys.
3 hours after the onset of sleep, followed by short alternating periods of relative and absolute rest. b) Those enjoying absolute rest throughout the night. C) People whose sleep is broken into many periods of relative rest. No data were given for the percentages in each group. Johnson and Weigand (66) showed that during sleep varying degrees of muscular movements of the limbs take place, although the total time spent in gross movement appears to be quite small (79, 51) . These experiments show that sleep may vary markedly between individuals and, in any case, rarely means lying for 8 hours, motionless and flat on one's back.
In the direct comparisons of the metabolism when asleep and awake, DelcourtBernard and Mayer (29) observed a decrease in the basal metabolic rate during short periods of sleep in three subjects, no change in a fourth, and an increase in a fifth subject. An interesting point, which casts doubt on the value of basal metaboli.sm studies, is that they found the dorsal decubitus position was not necessarily the position where gaseous exchanges were lowest; in some individuals there was a lower metabolism when they lay on their sides, semi-flexed, or even curled up. This may account partly for lower than basal values being recorded during sleep.
In a study of three healthy young subjects, Grollman (61) found exactly the same oxygen consumption when they were asleep as when they were awake a few minutes later; i.e. sleep per se did not affect the oxygen consumption. He found, however, that during the night the oxygen consumption decreased gradually to a minimum about 5 to 6 hours after the onset of sleep, and this minimum was about ro per cent below the basal rates.
This lack of any appreciable difference between the metabolism while asleep and while resting in the waking state agrees with the findings of Loewy (90), Johansson (65) and Delcourt-Bernard and Mayer (29) . On the other hand Mason and Benedict (100) found a decrease of about IO per cent below basal levels in seven Indian women when asleep. The basal metabolism of these women was measured early in the morning; their metabolism was then measured a few minutes later when t.hey had fallen asleep again, and they were later awakened and a third estimate obtained, The apparatus and experimental methods of Grollman, and Benedict and 311ason are so similar that it is difficult to explain the contradictory findings.
Mason and Benedict (100) estimate that the average of all experiments previous to 1934 on the effect of sleep on basal metabolism indicates a decrease of about 7 per cent (8, II, 61, 65, 94, 104, 113) . However, almost without exception, these experiments have been on fasting subjects and the majority have been short-period experiments. Most authorities agree that the depth of sleep varies throughout the night so it seems inaccurate to say that the metabolic cost of sleep is TO per cenf. lower than the basal metabolism.
In summary there appears to be no doubt that in certain circumstances, and particularly when fasting, the metabolism when asleep may fall below the B&K HojYever, at the beginning of a normal night's sleep, owing to the effect of the last meal, the metabolism may be above the basal level. These two factors tend to cancel each other out and the BMR is certainly not far from the average rate of energy ex-I)enditure throughout a normal night's sleep. A departure of IO per cent above or below the normal basal level involves an error of only some 50 Cal. throughout; a Ilight's sleep, which is a very small proportion of the total q-hour expenditure. Thus the BMR can be taken as a measure of the metabolic rate when in bed, asleep or iawake.
It is not one of the purposes of this paper to review the literature on vzristions 3.0 in basal metabolism. Fleisch (45) and Robertson and Reid (I 18) give standards from which the basal metabolism. may be easily caIculated.
PERSONAL NIxESSITIES
Everyone spends some part of the day in carrying out personal necessities; this includes getting up, going to bed, washing, shaving etc. In a schematic representation of how a man may spend his day Lehmann (8G) allows I hour for 'persiinlich Bediirfrisse.' 130th the tempo and the t,otal time spent in these activites naturally vary a great deal. '.I'able I records measurements which have been made on various subjects.
This section deals with the energy cost of all methods of locomotion, w&ing, climbing and running. Skiin,, <J mountain climbing and bicycling are discussed under RECRE.~TI~X~.
Walking is the commonest form of exercise and, together with climbing stairs, may be for many people the only break in an otherwise sedentary life. Predicting the energy cost of walking involves many uncertainties. In everyday life, people walk very differently, First of all, the speed may vary markedly, not only between individuals but also in the same individual on differing occasions and even within the course of the same jvalk. Many go at a uniform speed only when walking for some specific purpose, such as going to work, or to catch a bus or t,rain; in a society well equipped with both public and private transport these occasions involve exercise last.ing only a few minutes. A recreational walk, a constitutional stroll, or a shopping expedition may last for a much longer period and the pace may vary greatly. The ground covered may also change, not only in type of surface, smooth or rough, but also in gradient; it may be level, uphill or downhill all the way, but sometimes is a mixture of all three. The coefficient of variation in the metabolic cost of individuals walking at constant speed is of the order of 15 per cent (96). This individual variation may be much less than variations clue to changes in speed and gradient.
Walking on the Level. From the latter part of the 19th century up to the present day, many measurements have been made of the energy expenditure of walking on the level. The results have usually been independent of whether the subject wa.lk,ed on all outdoor or indoor track or on a treadmill. Figure I is a composite graph from data recorded of ivalking at varying speeds in England (33) , in Austria (IS>, between 60 and 75 kg. For the present purpose so good is the agreement between the data from these five laboratories that tabulation of the many other results seems unnecessary.
Over the range 3 to 6.5 km/hr. (approximately 2-4 mph) energy expenditure is linearly proportional to speed and the relationship is expressed by the equation c = 0.w + 0.5 ( > I where C = energy expenditure in Cal/min. and V = speed in km/hr. Figure I shows that at higher speeds, energy expenditure increases at faster rates. The effects of weight, age, sex and race on walking on the level at constant speed have been investigated (96). Measure.ments were made on 50 persons walking untler standard conditions at 4.8 km/hr. (3 mph). Statistical analysis showed that age, sex and race had no significant effect on the metabolic cost of the work. The energy expenditure was found to be proportional to body weight. The regression equation was:
where IV is the gross weight in kilograms. A systematic study of the combined elfects of varying speed and varying weight has not been made. done either at high altitudes or using the old Zuntz apparatus which was both heavy and clumsy for the subject. A most comprehensive treadmill study was carried out by NlIargaria (98). Figure 2 has been drawn from his data and shows the energy cost of walking up gradients of o, 5, 15 and 25 per cent plotted against rate of linear ascent: in kilometers per hour for a subject of 70 kg wt. The effect of downhill gradients have not been so systematically studied. Margaria found that going down a slope of I i n IO at varying speeds involved an energy expenditure of up to 25 per cent less than walking on the level. On very steep declines and especially at slow speeds energy expenditure mav be appreciably more than when walking on the level. That these results have some general applicability is shown by the observations of Keys, Brozek? Henschel, Mickelson and Taylor (76). They found the mean rate of energy expenditure by 16 healthy subjects, average weight 70.6 kg., walking at 5.6 km/hr. up a IO per cent incline to be 8.9 Cal/mm. This point is marked by a cross in figure 2 and falls aImost midway between the lines for the 5 and 15 per cent slopes.
Running on the Level. Apart from athletes, it is unlikely that running will account for more than a tiny fraction of the total energy metabolism. Margaria (98) snd Ogasawara (106) have shown that the energy expenditure may vary from arou& 9 Cal/min. at a speed of 7 km/hr. t.o as much as 20 Cal/min. at speeds of 12 km/In. and over. Variations in the calorie cost of running are great and depend on the degree of training and efficiency of the subject.
Effect of Different Surfaces. The type of surface may have a slight effect on the energy cost of walking. However, unless the surface is markedly rough, the effect will probably not exceed IO per cent more than walking on a flat surface. Table 3 shows the increase in energy caused by rough uneven surfaces of varying texture (53) < ' Climbing Stairs and Ladders. Several measurements have been made on stair climbing (13,35,g3, III), some of them on women. Table 4 presents some of the data. The values are for the combined motions of going up and down ordinary household stairs; descending involves only about one-third of the energy used in going upstairs. The values give this activity the appearance of moderately heavy work, and it is a common complaint of many housewives that the stairs are very tiring. However, as Schneider and Karpovich (I 21) have pointed out, to ascend a staircase, which in the ordinary house has about fifteen zo-cm. steps in each storey, representing a vertical distance of about 3 meters, requires less than 2.5 Cal. for a 6o-kg. person. Addition of the cost of descending brings the total to about 3 Cal. Even going up and down stairs IO times in the day hardly adds a significant amount to the total metabolism. The Tables 5 to 8 give a selection of results. Yet the/are by no means complete and the energy cost of many types of games has not to our knowledge ken measured. Table 5 deals with the children's activities, table 6 with light indoor  rc~reations, table 7 with moderately energetic games, dancing and outdoor activities,  ttrzd table 8 lvith heavy sports, such as swimming, climbing and skiing. So Inany factors may have a large influence on the energy expenditure during sports and recrea--t ions that comments on some individual results are necessary. Table 5 contains data for few of the vigorous activities that go to make up a child's life. When 'playing in the school playground' (28) , the children were impeded by a Douglas bag on their backs; the children were Asiatics below European stand-;trds of weight and the figures almost certainly do not represent typical children's play. The cycling was done on an ergometer. The very limited data available at the moment are clearly insufficient to assess the energy expenditure of a normal active c*hild's manifold activities.
In table 6, the data on young men playing cards were obtained by Douglas (32) (luring two investigations in connection with the ventilation required for gasproof ;l,ir raid sheiters. He determined the rate of vitiation of the air in a sealed compartr w tt below decks in a ship and in the dead end of a London underground railway by 10.220. 33 ---I .
-II -.
-----Climbing Ladder (86), Ht. of Each Step, 17 cm. system. Naval and military personnel of good physique were used. Each experiment lasted up to 3 hours and the men were allowed to sing and play cards, but had to remain seated. Seven experiments were done and up to 132 men acted as subjects in each. Oxygen consumption per man varied from 445 to 535 ml/min. in these experiments. This corresponds to a rate of energy expenditure of from 2.2 to 2.6 Cal/min.
The figures in table 7 are often subject to wide variations. In canoeing, for instance, the effects of wind and current may increase the energy cost by as much as 300 per cent. The figures quoted (133) are for moderately skilled men in favorable knvironmental conditions. The figures for riding (50) showed remarkably good agreement between the three riders, even though the experiments were done on different days. Other data (116, I 17) for riding by cavalry and horse artillerymen are summarized in tables 32 and 34.
The energy cost of bicycling varies greatly with speed. Despite the many studies on bicycle ergometers in the laboratory, only Zuntz (137) in 1899 appears to have made a systematic study of the effect of speed on energy expenditure during bicycling on the road. The other figures given in table 7 are for subjects bicycling at their own selected speed. Asmussen (2) has studied the energy expenditure of a subject bicycling at 8.6 km/hr. and at 135 half pedal revolutions/min. on a treadmill, the slope of which could be adjusted. Going uphill, energy expenditure in Calories per minute (C) was equated with work done in kilograms per minute (E) by the equation 
The ratio of the cost of positive to negative work is given by the ratio of the slopes of these two lines and in this case was 7.4. (The problem of the nature of negative work is a fascinating one but outside the scope of this review. Interesting experiments with full discussion are recorded by Abbott, Bigland and Ritchie, ref. I). The energy expenditure during bicycling is in part dependent on the size of the tires. Dill, Seed and Marzulli (30) have recently shown that the large tires now in fashion on American bicycles necessitate the expenditure of about I Cal/min. more than when bicycling at the same speed on a similar machine with traditional narrow tires. The figures for gymnastics (74) are averages of many estimations on one man carrying out several types of exercise prescribed in a British Army training manual. The value for golf (49) was obtained by measuring the energy expenditure of a 9 handicap player continuously over two holes. The values for cricket (39) are based on measurements of the different activities involved in the game in conjunction with n time study during actual matches. They are thus an over-all estimate of the energy expenditure of batting, bowling and -fielding.
The figure for association football of 8.9 (range 6.0-12.0) Cal./min. is based on measurements while the men were actually in play with the ball. For 512 estixnate of overall expenditure during a game, an allowance for the times of relative inactivitjv I%Tould be necessary (see DAILY ENERGY EXPENDITURE RATES).
Most of the data for swimming give details of the number of strokes used and the distance covered per minute. Recreational swimming with different strokes, resting, floating and diving is usually fairly energetic and an over-all rate of energy expenditure of 6 to 7 Cal/min. is probably common. The figures for swimming given in Table g shows a selection of a large number of measurements which have been made. Many-domestic tasks involve hard physical work. However, the work necessary and the amount of equipment and electrical power available are very different in many homes, and the total daily expenditure possibly varies more among housewives than in any other group. One systematic study has been made (35). It was carried out in wartime Germany on three housewives, who lived in homes with very limited equipment and each of whom was somewhat obese. Table 9 shows clearly that domestic work may be heavy. In times when food is scarce and a rationing system strictly enforced, the fact that many housewives may be doing hard physical work is often overl.ooked. In such circumstances further field studies might be desirable. This amounts to nearly 50 ml/min. for the whole organ or roughly 20 per cent of the total oxygen uptake of the body at rest. That concentrated mental activity requires appreciable extra amounts of energy is a common assumption and some of the early investigators claimed that this was the case. However, in 1909 university students during a 3-hour examination and during a control period and stated that "the results ob t sined in these experiments do not indicate that me11ln1 effort has a positive influence on metabolic activity." In 1933 Benedict and Benedict (9) demonstrated beyond any manner of doubt that mental work requires an insignificant additional expenditure of energy. They studied six subjects and oxygen consumption was determined by spirometry, the subjects wearing a large helmet and breathing through a closed circuit apparatus. Experimental periods were about rj minutes long; periods of repose and mental activity alternated on each day and were repeated on each subject for several days. The mental work consisted chiefly of arithmetic and involved multiplication of pairs of 2 digit figures. The metabolism rose from a mean of I .oo Cal/min. during repose to 1.04 Cal/mine during mental effort. The maximum rise for any one person was 0.06 Cal/min. The figure for repose approximated to the theoretical basal values for the subjects and the mean increase was only 4 per cent, This rise amounts to only 2.4 Cal/hr. Indeed only experienced workers using accurate apparatus under the most careful experimental conditions could have demonstrated such an increase satisfactorily. Other studies (;2 r, 22, 88, have given essentially the same result, but there is a great degree of individual variation. Eiff and Gijpfert (40) studied 57 persons. The average rise of metabolism on mental effort was 11.6 per cent, but differences in single experiments ranged from 3-56 to -2x per cent. Electromyographic studies were carried out simultaneou+ snd the authors concluded that a rise in metabolism during mental work could be related to a corresponding rise in muscle tone.
In most of the papers quoted, mental work has entailed sitting still for long periods. When an estimate is required for the calorie output of mental effort, the value for energy expenditure when sitting still will give an accurate figure. However, mvolve some pnyslcar actlvlty, such as writing, opening and shutting books and drawers, walking across a room to get a, book or paper. We have made an extensive investigation on IO male clerks during normal work in a colliery office (49). Energy expenditure wa$s measured over XOminute periods while entering up ledgers, completing registers, issuing pay slips etc., and included occasional journeys across a small office to get forms, books etc. Table IO shows these results. The mean values when sitting and stand.ing at work are 50 and 70 per cent respectively above predicted basal met,abolic rates. By ahoying an increase of these amounts over the predicted basal. metabolic rate, the assess~ ment of rates of energy expenditure of ofice workers would probably not be greatly in error. Normal office work does not involve great energy expenditure. Some clerks, however, spend much time in walking bet,ween various offices, and, in these instances, allowances for this increased physical work would have to be made. "RAle TO An Activity Sewing, 30 The variety of the different tasks, which may be described as light industry, is so great that it is impracticable to try either to describe or classify them exhaustively and figures for the metabolic cost of such work can only be very broadly illustrative. Tables II to 14 contain a selection of data from four good studies carried out under conditions which were probably fairly representative of work in Europe between 1916 and 1950. Turner (128) measured the energy expenditure on 302 persons engaged in light engineering at a plastic and ebonite moulding factory, an accumulator factory and a government; training center in the neighborhood of Manchester just after World War II. Table I I is a selection from his results. Greenwood, Hodson and Tebb (60) studied women working in a munition factory during the first world war. Table 13 contains data from a comprehensive investigation in Germany during World War II (87) and table 14 from an excellent study (but with very few subjects) in Hungary in 1930 (42) . All the figures are for actual work and do not include allowances for rest pauses. Full details of the working processes are given in the original papers. The tables show that a wide variety of industrial activities demand energy expenditure rates between 2 and 5 Cal/min. These can properly be called light industry and further subdivision or classification is quite impracticable. A few tasks in such industries however occasionally demand harder physical work.
In a study carried out in the Ukraine in 1926-27, Kagan (67) compared the energy expenditure by men assemblin, 0 agricultural machinery, . I) when working entirely by hand and 2) when the machines were put together on a conveyor system. Energy expenditure of the men on hand-assembly varied from 5.2 to 6.4 Cal/min. When the conveyor was introduced, the assembly was broken down into nine separate stages, each carried out by separate operators. Mean energy expenditure rat.es for these men were 1.8, 2.1, 2.6, 3.0, 3.4, 3.4, 3.8, 4.3 and 4.7 Cal/min., respectively. Energy expenditure was much reduced for all operators and the efficiency of assem bly greatly increased. x.6
MISCELLANEOUS LABORING ACTMTIES
Load carrying, work with pick, spade and shovel, pushing and pulling of wheelbarrows, are a part of many types of work. For instance many persons engaged in the building industry, in agriculture, in mining, in the iron and steel industry and as postmen, porters and dockers may expend much energy in physical labor of this nature. These relatively simple activities are considered in this section.
There may be much variation in the energy expended during the performance of similar types of work. The method of carrying a load, the size and shape of a shovel, the design of a wheel barrow may all affect the energy required to carry out a specific task.
Load Cm-ying. In 1924 Bedale (7) carried out a classical study on the efficiency of different methods of carrying loads. She herself, aged 29, weight 56 kg., acted as subject and energy expenditure was measured while she walked IQO m., picketl up a load and returned with it at a speed of 4.5 km/hr. The loads were carried in eight different ways. Figure 3 shows t,h .e data for three of these methods. a yoke across the shoulders the energy expenditure was minimal. carried on the hip under the arm, it was maximal. Intermediary values were obtained when the load was carried in trays, in hand bundles, on the head and over the shoulder. A selection of the data obtained in two other systematic studies is &own in figure 4. Brezina and Kolmer (IS) measured energy expenditure by a young man walking on an outdoor track in the summer in Vienna and carrying loads in a knapsack, high up on the back and supported by straps. Cathcart, Richardson and Campbell (19) investigated two soldiers wearing military equipment, marching on an indoor track in Glasgow. The agreement between the two studies is good and similar results have also been obtained by Atzler and Herbst (5). It will be seen that at slow speeds energy expenditure even with a 43-kg. load is not high, but that when the speed rises over 4 km/hr. energy expenditure increases rapidly. For very heavy loads much more energy may be necessary. Glasow and &Killer (54) found that a man aged 24, weight 72 kg., carrying a heavy sack over his shoulder at speeds from 3. I to 3.5 km/hr. expended 9.4, 11.6 and 16.8 Cal/mm. when the sacks weighed 55, 80 and 1x5 kg., respectively. Dressel, Karrasch and Spitzer (34) Working With Pick, Spade and Shovel. Table 16 shows the energy cost of shovelling and hewing. Much theoretical information on the muscular work involved in shovelling and on the energy cost of shovelling various loads t.o several heights has been given in papers by Wenzig (x31) and Kommerell (81). Simonson (123) gives some data for shovelling and other laboring activities in a long paper concerned with the eniciency of industrial work, A summary of similar data is given in the table along with other data for nonspecified shovelling of loads. In general, the usual expenditure involved in using a shovel seems to be about 6 to 7 Cal/min. Some of the data have been slight-Iv rearranged from their original presentation and the authors are asked to accept our apologies.
Pushing Wheelbarrows. Also in table 16 are so.me values for the energy expenditure in pushing loads in a wheelbarrow. Dressel et al. (34) found relatively little difference in using several types of wheelbarrow on a smooth road or on planks. However, the differences would almost certainly be magnified if the surface were very rough. An interesting analysis of some of the muscular factors in barrow work has been published by Crowden (26) .
IW-~XL DELIVERY
A postman's physical work is essentially walking and carrying loads. In towns with many flats there may be much climbing up and down stairs and, in some remote country districts, hill climbing. Crowden (27) has studied the energy expenditure of London postmen both in the laboratory and on their usual rounds which involved much stair climbing. Table 17 gives some of his results. The values for climbing stairs at the men's own pace include both going up and down but not pauses for the handing in of the mail to the householder. The cost of climbing up and down stairs with the load was found in the four subjects to be almost exactly one and a half times that of walking on the level carrying the same load. It was also stated that the common rate of climbing stairs, up and down, was 80 steps/min., i.e. 40 up and 40 down, and of walking is 90 yd/min.
BUILDING
Much of the work of building and construction involves basic laboring activities already considered. Data for some of the more specialized jobs are arranged in table 18. There are little available data to enable accurate assessment of the energy expenditure of building work. An investigation concerned with finding the usual daiiv ti energy expenditure of builders would probably involve more measurements than would be necessary in most other major industries. In addition, building techniques probably differ more than those in any other industry. Mechanical aids and equipment and prefabricated materials are available in very varying quantities. Some of the data come from Italy and the methods of work may be very different in other countries. The reference to bricklaying in the table is for work at 'normal rates' in Germany before the war. These are almost certainly higher than apply at the present time in Britain. Table 19 slows the cost of some typical activities. The English, Italian and Scottish results show a remarkable general agreement for the work with pick and shovel, although of course there is considerable variation in individual results. The German workers do not give figures for individual activities. They studied 72 miners in 18 different jobs in two coal fields. The gross energy expenditure in calories per minute of pure working time varied from 3.8 to 7.1 with a mean of 4.9 and for total time spent underground the figures varied from 2.4 to 4.6 with a mean of 3.5. The 17 strippers and 2 brushers studied at the coal face in Scotland had a mean energy expenditure of 4.3 Cal/mm. of total time underground. Moss found the corresponding figure in his English survey to be 6.3.
Miners may spend from 30 minutes up to 3 hours every shift walking to and from their work. This often involves travelling over uneven surfaces up and down inclines. In addition, owing to the low ceilings stooping is often necessary. In a laboratory study on 8 miners Moss (101) showed that the average cost of walking was increased by 28 per cent with a half stoop and 65 per cent with a full stoop and as much as 73 per cent when proceeding on all-fours. We ourselves can personally vouch for the fact that the journeys to and from the coal face may be very hard work. Out of 68 measurements of the cost of walking underground in various conditions in Scotland (49), 18 showed an expenditure of over 7 Cal,/min. and of these, 2 were over IO Cal/ min.
The Russian study (97) gives mean figures for hewing, timbering and drilling of 2.9, 4.7 and 3.2 Cal/min., respectively. These values are so far below those obtained in other countries that it is difficult to comment on them. The men appear to have spent IO hours underground each shift and this may be in part: responsible for the low rates of energy expenditure.
Verv few data are available for other forms of mining. In South Africa measured ments of 8 non-European gold miners 'lashing in a stope' have been reported (136) . A large Douglas Bag (1000 1.) was used and expired air was collected over 30 minutes on each subject. Energy expenditure varied from 2.3 to 5.4 Cal/min. (mean 3.3).
There can be no doubt that most miners still, despite the increase of mechanization, carry out hard physical work. Although the basic mining processes involve a high rate of energy expenditure, over-all rates of energy expenditure may be much reduced by rest periods, which may be either voluntary or, more frequently in our experience, caused by the breakdown of essential haulage systems (49). Daily rates of energy expenditure may thus not always be high.
IRON AND STEEL INDUSTRY
Important studies have been made in Sweden (23) and in Germany (87). Table  20 shows the Swedish data. The Douglas bag technique was used. The figures give rates for limited periods of activity only and there is no record of how long such rates were kept up. There is a wide variation in the intensity of the work and some men worked very hard for some periods. This survey was carried out under normal industrial conditions in peace time.
The German survey was much more extensive, but was carried out during the war, when production was not reaching the target required by the war leaders. Many men were working up to 70 hours a week. In addition the work was affected by food shortages and in some cases by air raids. was due in part to large differences be~.wecn the times for work laid down by regulations and the times spent in effective tvork . Further the intensity of the work was seldom high, perhaps due to food shortages. The authors also point out that there is a natural subjective tendency to over-estimate the heaviness of the human work in an industry, where loads weighing several tons are moved, although in fact this work is done by machines. Whatever the reasons and despite long hours, the majority of men in the German steel industry during the war were not expending large amounts of energy, There were, however, many jobs involving hard work.
In both surveys there lvere wide variations in energy expenditure. Clearly generalizations in the iron and steel industry are unjustified. There is both a great variety of jobs and a great variety of mechanization in different plants. In both papers details of the processes involved and the degree of mechanization are given. Undoubtedly some steel workers arc engaged regularly in heavy work, but in most modem plants many are only doing light work.
F':+rl;a~ ;tncI Gcldrich (42) blacksmiths at work at a forge. When using a heavy hammer, the men were expencling between 6.3 and 9.8 Cal/min. They were also employed on many lighter tictivities.
Measurements of the energy expenditures of peasants in agricultural tasks have been made systematically in Hungary (43,44), Russia (6S), Italy (16, sS), the Gambia (48) and Nii A selection of the data is set out in tables 22 to 26. The original papers all give full details of working conditions and the type of work done. In the Hungarian survey mid-day temperatures rose up to 35'C. Here time studies were done and an estimation of total daily calorie expenditure made. This was up to 5200 Cal. by some men, who worked very long hours getting in the harvest. &I these studies the men were working with the help of little or no mechanical power. Two recent investigations in Germany (62, 63) compare the work done in hand-and machmemilking and in walking with a horse-drawn plough and sitting on a tractor while ploughing. 14-inch merchant mz'll Merchant nlill rolling Forging Fettling 9.4(7.0-11.0) 6.5(6.4-6.7) 4-9(4*8-4-9)
papers give a detailed analysis of the changes in the work requi.red of the human operator consequent upon the introduction of mechanization. Some data (I x7) for grooming and the care of horses by soldiers ~-e summarized in   table p.  Tables 22 to 27 provide a quantitative demonstration of the fact that farming demands hard work. Time studies in several seasons of the year are necessary if compari.sons are to be made with urban industrial workers.
We know of no studv of the energy expenditure rates of agriculture in Asia. d
Kscellent physiological studies have been made in lumber camps in Sweden (g2), in Finland (73) and Germany (68a). Table 28 shows some of the Swedish results. There is no doubt that heavy expenditures of energy are involved. This is confirmed by dietary studies and many men in both surveys have been recorded as consuming over 5000 Cal/day and some over 6000. Lumbering is pcrl~tl~s the hardest physical work undertaken.
Kaminsky (68a) has measured the work done transporting wood by sleigh over the snow during the German winter. Pulling the sleigh uphill into the forest cost 10.5 Cal/mm. and loading the wood off and on the sleigh between 6 and 7 Cal/min. Long hours were worked and estimates of both energy expenditure and food intake i were over 6ooo Cal/day.
Gl&er (52) has devised an ingenious technique for measuring in the laboratory the efficiency of work with an axe. Table 2g shows the very high rates of energy expenditure that may be involved. The oxygen consumption of airplane pilots has been determined under artificial conditions in a dummy cockpit by Karpovich and Ronkin (71). The mean energy expenditure for 27 pilots, average weight 73 kg., when sitting in a cockpit and manipulating controls, was 1.7 Cal/min., a rate similar to most sedentary occupations. This paper gives references to other American work published in service memoranda with restricted circulation.
Corey (29, in a short report, showed that the metabolism while piloting an aircraft varied from IO to about 60 per cent above the normal sitting energy rate; a range of values of from 1.5 to 2 Cal/min. probably covers the majority of activities during piloting.
APPLICATION OF ARTIFICIAL RESPIRATION
The results of one study (69) are recorded in table 35. The figures are averages for IO men and IO women operating respectively on 4 male victims (weights 48-82 kg.) and on 4 female victims (weights 41-75 kg.) at 12 respirations/min. and using five different methods.
EFFECTS OP AGE, SEX, BODY SIZE, KAC,E AND CLIMATE
The effects of these factors on basal metabolism have been extensively, perhaps exhaustively, studied (36, 45, 77, II~) . As already pointed out, man is only metabolizing at approximately basal rates when asleep or lying down and this contributes but a small proportion of the daily energy expenditure of active persons.
There is little evidence that the mechanical efficiency with which a standardized muscular movement is made is subject to important individual variation. The obvious differences between the energy expended by old and young and by the inhabitants of the tropics and of temperate zones are brought about mainly by variations in the economy of muscular movement and in the amount of surplus activity, The young are spendthrift of movement, whereas with increasing years unnecessary physical activity is curtailed. Consequently to compare the rates of energy expenditure by juvenile, adult and elderly persons employed at the same type of industrial work, accurate timing of their various activities would be necessary. The young will always find time for secondary energy-consuming activities, surplus to the main task.
The evidence that there are no significant metabolic differences in the performance of standardized muscular work is, however, not great. Mahadeva, Passmore and Woolf (96) investigated in 50 subjects the relationship between energy expenditure, during standardized walking and stepping, and weight, height, age, race and sex. Energy espenditurc was closely correlated with body weight, but not significantly with height, age, race or sex. The series was small, but sufficient to indicate that these other factors have no large effect on muscular efficiency. Astrand (3) has measured the energy expenditure of children and adolescents when running on a treadmill and working on a bicycle at submaximal rates. The experiments on the bicycle ergometer showed no differences between the two sexes. On the treadmill at any given speed, the net oxygen uptake per kilogram of bodv weight fell progressively as age advanced from 5 to 15 years. The younger children were at a mechanical disadvantage owing to their shorter legs and this is suggested as a possible reason for the increased oxygen consumption.
Seltzer (122) has measured the oxygen uptake of 34 males aged 20 to 24 during moderate exercise-walking on a treadmill up a grade of 8.6 per cent at 5.6 km/hr. for 15 minutes, He also made a large number of anthropometric measurements and has attempted to correlate these with rates of energy expenditure. In moderate exercise oxygen consumption correlated best with chest circumference (o&7), then with weight (0.771) and surface area (0.724) and only very roughly with other physical measurements, height (0~363) and leg length (0.275). Seltzer calculated the mechanical efficiency of 44 different anthropometric groups within the whole sample. The lowest figure for the efficiency of any group was 15.0 per cent and the highest 16.1 per cent. He makes a case that in moderate exercise, those whose body build is 'lateral' rather than 'linear' have the greater mechanical efficiency. His argument is, however, largely a discussion of the functional significance of differences, which his previous analyses had shown to have no statistical significance. On any reckoning these differences are small and weight is the most important factor in determining individual energy expenditure.
The effect of temperature on the metabolic cost of work is also probably Vera small. Nelson et (II. (105) studied by partitional calorimetry the heat exchanges of three acclimatized men while standing still and walking in a series of seven hot environments (32c)--490C.). Metabolic heat production for a given amount r)f work remained unchanged irrespective of changes in environmental conditions. Gray, Consolazio and Kark (59) found that for men working at a Axed rate on a bicycle ergometer in standard 0utfit.s of clothes the metabolism only varied by up to 4 per cent over the temperature range -q" to +32OC. IIorvath and Golden (61) the metabolic rate of five men increased by about 7 per cent w-hen performing standard work at temperatures of -16' to -47OC. Very cold temperatures may thus increase the energy cost of work, but, except possibly under arctic conditions, the eflect will be negligible. At high temperatures (32OC., relative humidity 70%) Robinson (I 19) cornpared a large man and a small man working on a treadmill at over 12 Cal/mm. The efficiency of the 2 men in performing the work was the same, but the large man had more difsculty in dissipating metabolic heat and his rectal temperature rose much more than that of the small man. This was presumably because the small man had a larger surface area relative to the metabolizing mass. This experimental observation is consistent with the view that small men might be at an advantage over large men in performing hard physical work in the tropics.
The most important observations on the effects of temperature on energy expenditure under field conditions are those of Richardson and Campbell (I I 7). They found no significant differences between the energy expended by British soldiers in India, when marching at about 3.4 mph in drill order (load about x3 kg.) during the hot weather (temperature 27OC., relative humidity 92 %) and during the cold weather (temperature IoOC., relative humidity 67 %). In fact, energy expenditure was always higher by up to IO per cent in the cold weather. This difference was attributed entirely to difficulties in tirne keeping. On the cold invigorating winter mornings, the men stepped out briskly and were always a little ahead of schedule. In the dull hot humid atmosphere during the m.onsoon, there was a constant tendency to slacken pace. These slight differences in pace, in the authors' opinion, were alone responsible for the differences in energy expenditure. This work was carried out with meticulous care on six young soldiers.
DArLgl ENERGY EXPENDITURE

RATES
The data set out in the tables presented have given rates of energy expenditure calculated per minute. For assessing energy expenditure over periods longer than xo to 15 minutes, metabolic measurements must be supplemented by time studies and accurate recording of activities. With the help of these it may be possible to build up an estimate of calorie expenditure over a longer period. Most textbooks of physiology and nutrition contain tables giving estimates of daily energy expenditure for various occupations drawn up in this way. This summation method of estimating calorie expenditure (and thus requirement) was criticized by Keys (75) in 1949, who pointed out that the assessments had usually been based on inadequate lo,rrir-al data and insuficient knowledge of the actual lvork processes. This is Tables 36 and 37 are illustrative and give data which we (49) have obtained for two individuals, one a clerk with a sedentary occupation, the other a coal face miner. For each, the necessary information was collected over a whole week: a week is a minimum period. since any daily average figure which did not include data obtained over the week-end period would be misleading. These tables also give the daily average calorie intake over the same period obtained by a simultaneous diet survey. Table 38 is a summary of these surveys in Great Britain in which simultaneous assessments of energy intake and energy expenditure have been made. They were carried out by teams of experienced dietitians and of physiologists. The figures show that such teams can arrive independently at results which agree within TO per cent.
The estimation by diet-ary survey of the calorie intake of even a rekttively homogeneous group of persons is subject to wide error, to which the use of tables of food analyses contribute. Woolf (135) has discussed the accuracy of dietary surveys and concludes that even with good technique the coefficient of variation in estimating calorie intake is at least ro per cen.t. In most circumstances, we think that estimations of energy expenditure rates can be at least as accurate. These may thus provide a~,n alternative method for indicating the calorie needs of population groups. 111 some circumstances, perhaps in industrial. communities, surveys of energy expenditure may prove simpler, less expensive and more informative than large scale dietary surveys.
In this field. of research, if experiments are designed to obtain data with a high degree of accuracy for each individual subject, inevitably onlv a limited number of persons can be studied. Carefully carried out field experiments,% which the accuracv compared favorably with that of many controlled laboratory investigations, require large numbers of experienced staff and assistants. Even then observations CM. only be made on small numbers of subjects. There is a large variation in energy expend.iture by individuals leading the same type of life. The energv expenditure of the same individual varies from day to day and from week to week f and persons in exactly similar by 10.220. 33 occupations, because of differences in body weight and in activities outside waking hours, may have markedly differing values for their energy output per day. Although it may appear undesirable to advocate the use of methods which do not reduce the errors of individual observations to a minimum, nevertheless we feel it will be more profitable in the future to accumulate information over a much wider field, even at the expense of some inaccuracies in individual results, rather than to persevere with the laborious techniques which have hitherto been used. In planning fresh surveys it is essential to consider how many measurements by indirect calorimetry on each subject are desirable and how much data from tables of energy expenditure can be utilized. Such decisions will be determined to a large extent by the length of time which each subject spends on any activity and by the experience of the observer. Many activities during work, and many recreational activities, last for only a few hours in the week. Little error is introduced by using tables to assess the energy cost of such activities. For example, if a man plays one game of football in a week, lasting go minutes, and an average value taken from tables of 6 Cal/min. is used, this gives a total expenditure of 540 Cal. If, in fact, the man were very energetic throughout the whole game and had an average energy expenditure of 8 Cal/min., or if he were in a wing position and had relatively little of the play so that his over-all metabolism was only 4 Cal/min., the deviation from the assessed total would be only =t 180 Cal. Thus in one week the use of a table to assess a single outburst of activity such as a game of football will introduce into the daily average an error no more than =tq Cal/day, a negligible amount. If it is possible to observe the game, the error should be even less than this. On the other hand, it is most important to try to obtain reliable figures for the duration of each activity throughout the 24 hours. As far as possible such information should be obtained by independent observers, although inevitably for some parts of the day the subject must be responsible for recording the times spent on his activities. In every survey it is essential that there must be facilities for making measure- ments by indirect calorimetry. No assessments should depend solely on the use of tables. Nevertheless tables, combined with an accurate time study, can reduce the necessity for large numbers of measurements on each subject. In addition to the use of tables, another way of simplifying surveys of energy expenditure may be to reduce the number of gas analyses and rely in part on determinations of pulmonary ventilation. Durnin and Edwards (38a) have shown in field studies that, if a small number of measurements of energy expenditure are made on any one individual, it is then possible to use the pulmonary ventilation alone as an index of the energy cost of activities; the increase in experimental error is less than 5 per cent. Such a technique, together with a knowledgable use of the tables in this review, should make it practicable to carry out field surveys of energy expenditure on a much more extensive scale than has been possible up to the present.
Under controlled conditions with the subjects living in the laboratory or in hospital for periods as long as 2 to 3 weeks, measurements of total daily energy expenditure can be very accurate. In one study (110) in a metabolic ward of a hospital, the error appeared to be less than 5 per cent. The technique may thus be a useful tool in investigatin, 0 obesity and other metabolic disorders, in which the energy balance may be upset. The definitions, of course, only apply to rates of work which are carried on continuously for periods of a few minutes. Periods of heavy work must be punctuated by rest pauses. These will naturally reduce the over-all rates of work for a whole working shift and the definitions do not apply to average daily rates of work. How hard a man is capable of working for long periods of time, months, years or even a lifetime is another problem. HUMAN WORKING CAPACITY Those of us who lead for the most part sedentary lives know that on occasions we can carry out physical work for short periods at rates very much faster than the usual rates of those regularly employed as manual laborers. At a week end we can work in the garden at a rate which could not be kept up day after day and week after week. Nearly a hundred years ago Playfair (II~), Professor of Chemistry in Edinburgh, after a study of the behavior of rural postmen and of infantrymen, suggested Grand total 168 19,320 Daily average 24 2,760 Food intake (daily av. determined by diet survey) 2, 620 that the upper limit of useful physical work that a man can perform on 6 days of the week throughout the year was the equiva>lent of a 2o-mile walk a day or a I4-mile march with a 6o-lb. pack. Higher rates of work were likely to be associated with physical breakdowns due to cumulative fatigue.
Lehmann (86) and Miiller (102) have recently been investigating this problem again. They suggest that in order to prevent evidence of fatigue the intensity of the working rate and the length of the compensating rest pauses must be so adjusted as to give gross over-all rates of energy expenditure of not more than 5 Cal/min, This they call an 'endurance limit.' It represents approximately the upper limit of work that can be performed without an increasing accumulation of lactic acid and without a rise in body temperature. It corresponds approximately to walking on the level at about 3.8 mph. A man, so the German workers say, should be able to maintain an over-all working rate of this order for 6 days a week, week after week, and year after year. It is equivalent to a daily walk of about 30 miles. Playfair's postmen in rural Scotland would have several steep hills to climb in their 20 miles and the two standards probably do not differ greatly.
Work at 5 Cal./min. for 8 hours corresponds to 2400 Cal. expended at work. If we allow 500 Cal. for 8 hours in bed and. about 1400 Cal. for the 8 hours spent off work (49, see also tables 36 and 37), the total energy expenditure for the 24 hours is 4300 Cal. This probably represents the upper rates of daily energy expenditure that can be maintained regularly in heavy industry. It is slightly higher than rates recorded in British (49) and German (87) coal miners. Food intakes corresponding to very much higher rates have on occasions been recorded. This is notably so in the Iumber camps (68a, 73, 92). Lumbermen are, however, a carefully self-selected group with physiqaes far above the average. The figure of 5 Cal./min. given by Lehmann and Miiller is intended to apply to an average cross-section of an industrial community. Lumbermen do undoubtedly work for long periods at high rates, but the accumulation of several weeks with good wages or the curtailment of opportunity because of the long hours of winter darkness in the northern forests usually result in long periods of absence from work. The lumberman does not carry on with his work regularly year-in and year-out like the coal miner. Mtiller emphasizes that this endurance limit gives only a rough idea of what mav be expected of men in heavy industry. In light industry many oth.er factors, such as the necessity to maintain awkward postures or the excessive use of one set of muscles may limit capacity for work at much lower rates of energy expenditure. 
ENERGY EXPENDITURE AKD CALORIE REQUIREIUENTS
In this review we have attempted to collect together some of the knowledge that is available concerning the rates of energy expenditure in various human activities as determined by physiological methods. Much more information is available from dietary studies of the energy intake of different population groups, and dietary studies provide indirect information on over-all rates of energy expenditure. Both sources of information are necessary in drawing up physiological scales of calorie needs. Such scales are of great importance since they must be the basis of any form of food rationing in times when food is scarce. Probably the best modern statement of calorie needs is that published by the Food and Agricultural Organization of the United Nations (46). This report was first issued in 1950, and is undergoing revision at the moment (47).
Nutrition and industrial health are still both young sciences. In this review we have tried to gather some of the data in one branch of physiology common to these two sciences. Knowledge of the energy expenditure of an individual will usually indicate the food needs. But the energy needs can also be indicated from the dietary intake, and we feel that a comprehensive and critical review of the literature on dietary intakes would also be most useful at the present time. The study of energy expenditure and of food intake is complementary, and much information is already available. A more precise understanding of this data will increase our practical knowledge of man's food requirements and capacity for physical work. 
